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Large-Structure Topology in a Three-Dimensional
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The near wake of a blunt-base cylinder at 10-deg angle of attack to a Mach 2.46 freestream flow is studied using
Mie scattering flow visualization. Large-scale structures are clearly evident in side-view images of the windward
and lateral parts of the shear layer but not in the leeward shear layer. Autocorrelation analysis shows that the
average structures grow substantially in side views as the shear layer develops on the lateral plane and the windward
shear layer, but not the leeward shear layer. End-view images show that a septum originates from the leeward part
of the shear layer and extends to the windward part of the shear layer during reattachment, dividing the wake
into two lobes after reattachment and causing a short reattachment length. The structures in end-view images are
largest in the windward part of the shear layer and increase in size as the shear layer develops. The structures
are inclined toward the leeward direction in the lateral plane, indicating circumferential flow from windward to
leeward in the main shear layer. The appearance of the images suggests that this circumferential flow causes mass
buildup on the leeward side of the wake, prompting the formation of the septum.

I. Introduction

C OMPRESSIBLE turbulent shear layers have been a subject
of research interest for many years. It is well established that

compressibility effects, as measured by the convective Mach number
Mc, can strongly affect the structure of shear layers. For example,
in planar mixing layers, compressibility effects reduce the shear
layer growth rate1,2 and suppress turbulent fluctuations in the shear
layer.3,4 Moreover, compressibility significantly alters the appear-
ance of the large-scale coherent structures found in the shear layer.
For low Mc, the large-scale structures appear as well-organized two-
dimensional spanwise rollers, similar to those found in incompress-
ible mixing layers.5 For Mc > 0.6, the structures appear much less
organized, with a more three-dimensional topology.2

The study of large-scale coherent structures in base flows is partic-
ularly important. First, the development of large-scale structures in
base flow shear layers helps determine the rate of entrainment of fluid
out of the recirculation region.6 This, in turn, establishes the base
pressure and base drag. As opposed to simple planar shear layers,
compressible base flow shear layers encounter many regions with
extra rates of strain,7 including expansion at separation, streamline
curvature and convergence near reattachment, and recompression
during reattachment. These effects have been shown in previous
studies8−10 to alter significantly the appearance of coherent struc-
tures in compressible flows.

The literature on large-scale coherent structures in compressible
base flows is rather limited. Smith and Dutton11 described the large-
scale structures in a compressible planar base flow, whereas Bourdon
and Dutton12 described the large-scale structures in an axisymmetric
blunt base flow at M = 2.46. With the use of planar Mie scattering
imaging, these studies found that the large-scale structures were
on average elliptical and inclined to the freestream flow in side-
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view images in both cases, matching the results from planar mixing
layer studies.13 Because of the high convective Mach number of
the shear layers, the structures were not regularly spaced and of-
ten had a jagged appearance in instantaneous images. In side-view
images, the structures grew markedly and became more elongated
during recompression and reattachment, whereas the structures be-
came more disorganized in appearance in the instantaneous images.
In end-view images, both studies found mushroom-shaped large-
scale structures, which matches the results for incompressible mix-
ing layers.5 Scarano and van Oudheusden,14 as part of a particle
image velocimetry study of a planar base flow at M = 2.0, found
large-scale coherent structures in vorticity data for the trailing wake,
with the structure sizes ranging from 17 to 50% of the local half-
width of the wake. Other data for large-scale coherent structures in
supersonic base flows appear to be lacking.

In the current study, the topology of the wake of a blunt-base
cylinder at 10-deg angle of attack to a supersonic freestream flow
is investigated. This geometry may be encountered by missiles and
projectiles in parts of their mission profile. Also, this body presents
a generic three-dimensional wake for study, as opposed to the pla-
nar and axisymmetric geometries studied to date. The literature
for three-dimensional supersonic blunt-body wakes is very limited.
Boswell and Dutton have previously studied the velocity field and
afterbody pressure distribution for the current flowfield.15−17 They
found a thick boundary layer on the lee side of the afterbody and
circumferential flow around the afterbody from the windward to
leeward sides. A large pressure difference, amounting to 70% of
the freestream static pressure, was noted between the leeward and
windward planes of the afterbody at separation. Strong radial flow
from leeward to windward was also noted in the near wake, as was
a bifurcated wake and a short reattachment length. The measured
base pressure normalized by the freestream static pressure was 48%
lower than that for a corresponding axisymmetric base flow. Litera-
ture on large-scale structures in three-dimensional blunt-body wake
shear layers appears to be lacking.

The current paper addresses the topology of the large-scale coher-
ent structures in the shear layer for this three-dimensional separated
flow. These data will be compared to the axisymmetric blunt-base
data by Bourdon and Dutton,12 to show how the three-dimensional
nature of the flow impacts the structure of the shear layer. The visual-
izations will be used in conjunction with previously obtained mean
velocity and turbulent stress data16,17 for this flow to better charac-
terize the structure of the wake. The current flow lacks the symmetry
of the previously cited planar and axisymmetric flows, so that much
more effort is required to understand the dynamics of the wake.
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II. Experimental Equipment and Techniques
The flow facility used in this work is an intermittent blowdown su-

personic wind tunnel with an annular converging–diverging (C–D)
nozzle, allowing base flow models to be supported from upstream
via a sting. The upstream support prevents the interference effects
that side or rear supports would introduce. These interference ef-
fects have been shown to alter significantly the structure of super-
sonic base-flow wakes.18 The nozzle exit diameter for this facil-
ity is 144 mm. The approaching freestream Mach number is 2.46
(Ref. 19), with a unit Reynolds number of 56 × 106/m. Other im-
portant flow parameters are given in Table 1.

The afterbody in this study is a cylinder 63.5 mm in diameter, with
a sudden 10-deg bend. The length-to-radius ratio after the bend is
3.0. A schematic of the afterbody and some nomenclature for the
following discussion are given in Fig. 1. The length of the afterbody
has been chosen so that the waves originating from the junction
between the support sting and the afterbody reflect onto the wake
downstream of the area studied in this investigation and downstream
of the point where the wake has reaccelerated to supersonic speeds.
This has been confirmed by visualizations of the flow. Hence, inter-
ference effects from these reflected waves are not deemed important
in the present study. Figure 2 shows the geometry of the flow facility,
the position of the afterbody in the flow facility, and the behavior of
the reflected waves from the sting–afterbody junction.

Passive scalar Mie scattering is used to visualize this flow. This
technique allows instantaneous two-dimensional visualization of the
flow and does not suffer from the spatial integration effects inherent
to schlieren and shadowgraph imaging. The technique has been used
by many investigators to study large-scale structures in compress-
ible shear layers.2,8,10−12,20 The flow is seeded far upstream with a

Table 1 Important freestream flow parameters

Parameter Value

M∞ 2.46
T∞ 302 ± 2 K
P∞ 545 kPa ± 3%
Re∞ 56.4 × 106/m
Seeding 0.1–0.2% ethanol by mass

Fig. 1 Detail of afterbody geometry.

Fig. 2 Flow facility, afterbody position, and wave reflections.

small amount of a volatile liquid (ethanol in this study). The liquid
evaporates and mixes with the supply air before reaching the tun-
nel stagnation chamber. On expansion in the C–D nozzle, the vapor
condenses as a uniform fog of droplets. Phase equilibrium allows
liquid droplets to remain stable in supersonic regions of the flow,
but in warmer, subsonic regions, the droplets evaporate. The mean
droplet diameter as estimated by previous investigators is roughly
50 nm (Ref. 20) which allows the particles to respond accurately to
changes in the velocity and static temperature of the flow.21,22

The droplets are visualized by light scattering. A planar sheet of
laser light 750 ± 100 µm thick is directed through the flow, illu-
minating a thin cross section. The droplets scatter this light, and
an unintensified 16-bit charge-coupled device camera records the
scattered light intensity. The laser is a pulsed, frequency-doubled
Nd:YAG laser, with a pulse duration of 6–8 ns. Hence, the images
are very well time resolved, that is, unsmeared. The time between
successive images is 0.2–0.4 s, and so successive images are un-
correlated in time. Typical laser energy values are 30–100 mJ per
pulse.

Note that the behavior of the alcohol droplets for Mie scattering
depends on the static pressure, temperature, and density of the flow.
Hence, this technique is qualitative in nature. This technique has
been successful in capturing the dynamics of coherent structures in
a wide range of compressible flows. However, care must be taken
in comparing the appearance of structures from areas in the flow
with significantly different thermodynamic conditions, such as areas
separated by wide distances or on opposite sides of shock waves.

Three kinds of images are obtained. First, side-view images of the
shear layer in the lateral and symmetry planes of the wake are ob-
tained. Diagrams of these imaging locations are given in Figs. 3 and
4. Second, global end-view images of the entire wake are gathered
at several axial locations in the wake. Third, detailed end-view im-
ages of smaller areas of the developing shear layer are obtained for
axial positions before reattachment. Important imaging parameters
are given in Tables 2 and 3.

The most important contributor to noise in the images is laser
speckle.23,24 This noise is an interference effect that occurs when
coherent light strikes a diffuse reflector, such as the Mie scatter-
ing droplets. It can be reduced by using collecting optics with a

Table 2 Side-view imaging parameters

Distance from Image
Area separation x/R size, mm Mc

Lateral A 0.48 15.0 × 15.0 ± 0.2 1.03
Lateral B 0.95 25.0 × 25.0 1.20
Lateral C 1.65 15.4 × 15.4 1.03
Lateral C septum 1.65 15.0 × 15.0 0.48
Lateral D 1.96 25.0 × 25.0 0.93
Lateral E 2.57 28.1 × 28.1 0.69
Leeward F 0.4 13.3 × 13.3
Leeward G 0.7 13.3 × 13.3
Leeward H 0.9 13.3 × 13.3
Windward I 0.3 13.2 × 13.2 1.14
Windward J 0.6 13.2 × 13.2 1.31
Windward K 0.9 13.2 × 13.2 1.37
Wake L 1.7 25.1 × 25.1
Wake M 2.3 25.1 × 25.1

Fig. 3 Imaging locations schematic, lateral plane.
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Table 3 End-view imaging parameters

Global images Detailed images

Distance from Windward Lateral Leeward
separation x/R Image size, mm image size, mm image size, mm image size, mm

0.3 91.3 × 73.7 ± 1.0 11.3 × 13.4 ± 0.2 6.7 × 11.0 11.0 × 13.4
0.6 87.4 × 68.3 11.0 × 13.4 6.7 × 11.0 11.0 × 13.4
0.9 82.3 × 69.6 13.2 × 15.3 13.2 × 11.2 13.2 × 15.3
1.2 76.8 × 64.0
1.6 70.6 × 60.0
2.0 70.6 × 60.0

Fig. 4 Imaging locations schematic, symmetry plane.

large aperture. The side-view images presented are gathered using
an equivalent aperture of f/4. Because of the geometry of the flow fa-
cility, true end-view images could not be obtained. For these images,
the laser sheet is directed parallel to the base surface, but the cam-
era images the scattered light at an oblique angle. Depth-of-focus
requirements cause the aperture to be reduced to f/16. Thus, the
end-view images have far more speckle noise, which is noticeable
in the example images to follow.

A. General Image-Processing Techniques
At each imaging location, 640–1200 individual images are ob-

tained. For all images, the background intensity is subtracted, using
an image obtained with the laser on but the test section quiescent.
Next, to eliminate large droplets from the images, isolated saturated
pixels in the image are removed. If the image contains too many
saturated pixels, is too dim, or has an atypical intensity distribution
in the freestream, the image is rejected. The uniform freestream is
used to correct for average intensity variations in the laser sheet. Af-
ter these acceptance criteria are applied, 500–750 images typically
remain for further processing. Routines are also applied to remove
the perspective distortion from the end-view images.

B. Side-View Image Processing
The topology of the large-scale coherent structures is found via

autocorrelation analysis. This technique has been used by several
authors to study large-scale structures.10−13,25 It is objective and rel-
atively simple to implement. The extent over which high correlation
values can be found gives an indication of the average topology of
the large-scale coherent structures. The autocorrelation is calculated
using the formulas given by Miles and Lempert25:

Ĩi (x, y) = Ii (x, y) − 1

n
×

∑

n

Ii (x, y) (1)

I ′(x, y) =
√

1

n
×

∑

n

[ Ĩi (x, y)]2 (2)

ξ(x0, �x, y0, �y) =
∑

n Ĩi (x0, y0) × Ĩi (x0 + �x, y0 + �y)

n × I ′(x0, y0) × I ′(x0 + �x, y0 + �y)
(3)

Here, n is the number of images in the ensemble, Ii (x, y) is the
intensity at (x, y) for image i , Ĩi (x, y) is the instantaneous fluctu-

ating intensity, I ′(x, y) is the rms of the fluctuating intensity, and
ξ(x0, �x , y0, �y) is the autocorrelation for a basis point (x0, y0)
at a displacement (�x, �y) from the basis point. For the side-view
images, 11 basis points are used, all placed on the central column of
the image spanning the middle-half of the mean shear layer thick-
ness. The autocorrelation fields from the different basis points are
averaged to give the final contours.

To determine the structure topology, the 0.6 correlation contour is
defined as the outer edge of the average large-scale coherent struc-
ture. These contours are typically elliptical; to describe them quan-
titatively, an ellipse is fit to the contour, using the procedure outlined
by Halı́ř and Flusser.26 Structure size is defined as the major axis
length of the fitted ellipse. The inclination angle is defined as the
angle between the major axis of the fitted ellipse and the main shear
layer direction. The eccentricity is defined as e = (1 − b/a), where
b is the semiminor axis length and a is the semimajor axis length.
This matches the definition used by previous authors.11,12

Note that autocorrelation analysis gives a depiction of an average
turbulent structure. Given the wide variety of shapes and sizes that
the large-scale structures can assume, this average structure will not
necessarily resemble a given instantaneous visualization of a struc-
ture. Nevertheless, the analysis will give a quantitative indication
of how large the structures tend to be, how they tend to be shaped,
and how they are typically oriented with respect to the mean shear
layer.

C. End-View Image Processing
The autocorrelation analysis for the global end-view images is

in principle the same as for the side-view images. For images up
to reattachment, five basis points, spanning the middle-half of the
shear layer, are placed on the windward, leeward, and lateral parts
of the wake. After reattachment, the windward and leeward planes
no longer have well-defined shear layers, but the septum is now
present. For these cases, the autocorrelation basis points are placed
on the lateral plane on both the main shear layer and the septum
shear layer. Ellipse fits are performed on the 0.5 contour. (A lower
correlation value than in the side views is used here due to the decor-
relating effect of the greater laser speckle in the end-view images as
compared to the side-view images.) To obtain better-resolved im-
ages near separation, detailed end-view images of segments of the
shear layer were obtained. The processing for the detailed end-view
images is quite similar to that for the side-view images. For the au-
tocorrelation analysis, 11 basis points on the central column of the
image are used.

III. Results and Analysis
A. Time-Averaged Schlieren Images

To better appreciate the structure of this base flow, two time-
averaged schlieren images are provided in Fig. 5. These images are
in the symmetry plane of the flowfield and perpendicular to this
plane (lateral plane), respectively; the knife edge is horizontal in
both cases. Although unsuitable for quantitative interpretation in
this three-dimensional flowfield, several gross features are evident.
First, expansion fans are present at the separation point at all points
around the base periphery, and recompression shocks are visible
on all sides of the wake near reattachment. The wake is obviously
asymmetric when viewing the symmetry plane (Fig. 5a). Moreover,
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there is a central division, or septum, in the lateral plane image (right
central portion of Fig. 5b). The septum and the wake asymmetry are
absent from images of the axisymmetric blunt-base wake. These are
indications of the strongly three-dimensional nature of the current
flow.

B. Example Side-View Mie Scattering Images
The convective Mach number for each imaging location where a

well-defined shear layer exists is calculated from the previously ob-
tained velocity data17; these values are presented in Table 2. Because
this flow contains a significant velocity component perpendicular to
the lateral plane at some locations,17 the lateral-plane convective
Mach number values should be considered lower bounds on Mc,
particularly for the septum shear layer. These Mc values are all high
enough that the large-scale structures should experience significant
compressibility effects.

Detailed Mie scattering images are obtained in the lateral plane
at five axial positions, A–E (Fig. 3). At positions D and E, the sep-
tum shear layer is also imaged along with the main shear layer. At
position C, due to the different angle between the main shear layer
and septum shear layer, a separate image is obtained of the septum.
The images presented here are nominally side-view images. How-

a) b)

Fig. 5 Time-averaged schlieren images: a) symmetry plane and
b) lateral plane.

Fig. 6 Example lateral-plane Mie scattering images.

ever, due to the significant mean velocity component perpendicular
to the imaging plane at some locations,17 particularly for the septum
region, the images are actually somewhat oblique to the mean flow
direction. This normal velocity component implies that there is no
actual reattachment point in this plane. Hence, all discussion of lat-
eral plane “reattachment” will refer to the apparent impingement of
the main shear layer upon the septum, that is, position D in Fig. 3.

An example detailed image for position A is shown in the upper
left of Fig. 6. As in all of the shear layer images shown, the flow di-
rection is from left to right, with the bottom of the image toward the
afterbody centerline. Several small structures are present at the inter-
face. These structures have various shapes, but generally seem to be
elliptical. The structures appear to be inclined toward the freestream
flow direction, matching the results of several other studies.1,10−12

No regular spacing of the structures is apparent, which agrees with
the results in axisymmetric base flow.12 There are many fine fila-
ments of freestream fluid that penetrate into the recirculation fluid.
In the upper left corner of the image, the expansion fan from the
separation corner is faintly visible as a generally brighter region;
this becomes quite obvious in the average image for this ensemble.

For position B, the shear layer is quite similar to that for posi-
tion A. The shear layer is moderately thicker, and the structures
appear slightly larger than at position A, though they are still rel-
atively small. The filaments of freestream fluid that penetrate into
the recirculation fluid are more obvious than at position A.

Inspection of numerous example images shows that there is typ-
ically a bright band immediately above the interface at positions
A and B. This band has a distinctly different texture than the
freestream, with small embedded pockets of dark fluid. A similar
band has been observed previously in compressible base flow shear
layers,12 a compressible boundary layer after an expansion fan,9

and a supersonic cavity flow shear layer.27 It is hypothesized that
this bright band contains remnants of the afterbody boundary layer
fluid.12 It is further hypothesized that the expansion process causes
the boundary layer remnants to appear brighter than the freestream,
as opposed to their darker appearance in the cavity flow images of
Ünalmis et al.,27 for which there is no expansion.

The most obvious feature at position C, in the recompression
region, is the recompression shock that passes through the image.
Recompression has a marked effect on the structures. The structures
are fairly small near the left edge of the image. After recompression,
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Fig. 7 Example leeward plane Mie scattering images.

Fig. 8 Example windward plane Mie scattering images.

however, the structures become much larger and seemingly less well
organized. Examination of the entire image ensemble shows that the
recompression shock is quite variable in position and slope.

For the septum at position C, the bright region of the septum is
not as uniform as the freestream for the main shear layer. In fact,
the texture of this region bears a striking resemblance to the bright
band above the interface at positions A and B. This suggests that
the septum is made up largely of boundary-layer remnant fluid.
This is an interesting result; a mechanism must be present to drive
boundary-layer remnant fluid toward the wake centerline, as will
be discussed further. The structures for the septum at position C
are generally rather large and elliptical. Again, there appears to be
no regularity in the structure spacing. The structures on each side
of the septum are not matched and appear to be spaced indepen-
dently; no structure symmetry across the two sides of the septum
is evident.

The recompression shock is again clearly visible for position D,
during apparent reattachment. Faint shocks are occasionally seen
emanating from the large-scale structures when one inspects nu-
merous example images; this is suggestive of the existence of eddy
shocklets. For the main shear layer (top interface), the structures are
quite large and inclined steeply toward the freestream flow direc-
tion, but are also varied in size and shape. For the septum shear layer
(bottom interface), the structures appear to be better organized. The
bright area in the septum still appears to be textured, as it was at
position C.

Example images for position E show that the recompression shock
position is quite variable across the ensemble, as at position D.
The structures are quite large, but rather disorganized. The septum
appears much as it did at position D, but the structures appear slightly
less well organized than at position D. The septum and freestream
are quite close to intermingling near the right edge of the image.

Example leeward shear layer images are given in Fig. 7. These
images are distinctly different than the lateral plane images. The
shear layer interface is much less distinct, and the coherent structures
are much less prominent than for the lateral plane shear layer. Indeed,
the lack of a distinct edge in the leeward shear layer images makes
it difficult to define an outer boundary of the shear layer. Another
important difference is in the boundary-layer remnants. Unlike the
lateral shear layer images, where this band was relatively thin, the

entire freestream of these images appears to have the mottled texture
of boundary-layer remnants. Whereas the leeward boundary layer is
indeed substantially thicker than the lateral plane boundary layer,16

the presence of such a large amount of boundary-layer remnant fluid
is puzzling. This is a three-dimensional effect that will be explained
by the end-view images. Little change can be seen in the images as
the shear layer develops in the downstream direction.

Example images in the symmetry plane for the windward shear
layer are shown in Fig. 8. Overall, the image near separation (posi-
tion I) appears very similar to that for the lateral plane near separa-
tion (position A; Fig. 6). The left side of the image is very close to
the separation corner, and the attendant expansion fan can be seen
in the upper left-hand corner of the image, just like in the lateral-
plane images. The shear layer appears to be fairly linear away from
the expansion fan. Coherent structures are also evident; the struc-
tures appear quite small and are somewhat rounded, without regular
spacing or consistent size.

Example images further from the base surface (positions J and
K) show that the windward shear layer appears to thicken substan-
tially as it develops, with the coherent structures becoming more
prominent. The large-scale structures continue to be inclined toward
the freestream flow direction, but appear to become less organized
downstream. These are all trends seen in previous base-flow visu-
alizations for an axisymmetric blunt base.12 The structures in this
plane appear to develop much more quickly than in the lateral plane.
The bright band above the shear layer interface remains distinct at
position J but is no longer distinct at position K.

Figure 9 shows example images of the wake in the symmetry plane
after reattachment at positions L and M. The windward recompres-
sion shock is perhaps the most striking feature of these images. The
shock is often curved, rather than linear, and its topology changes
significantly from image to image. Most of the fluid toward the cen-
terline of the afterbody (lower part of these images) from the shock
has a similar mottled texture to the boundary-layer remnants seen in
the shear layer before reattachment. The appearance of such a large
quantity of former boundary-layer fluid appears at first to be at odds
with the available amount of boundary-layer remnant fluid seen in
both the shear layer visualizations and the velocity data.16 This is
a three-dimensional effect, the cause of which will become evident
in the end-view images.
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Fig. 9 Example images of the symmetry plane wake and windward
recompression shock.

Another feature in these images is the presence of large, dark
coherent structures separated from the recirculation zone. These
structures always appear behind the shock and tend to be more nu-
merous near the reattachment point. Their complex but generally
rounded appearance is reminiscent of the appearance of plan views
of highly compressible shear layers.2 There are two possible origins
of these structures. Either they are the remnants of the large-scale
structures from the shear layer before reattachment, or they are plan
views of the structures in the septum, whose tops occasionally pen-
etrate the laser sheet in the symmetry plane. The latter possibility is
considered much more likely; further evidence will be provided by
the end views.

C. Side-View Autocorrelation Statistical Results
Selected contour plots of the mean large-scale structures, as found

by the autocorrelation analysis, are presented in Fig. 10 for the lateral
plane. The contour lines shown are for correlation values ranging
from 0.5 to 0.9 in 0.1 increments. The local average shear layer
thickness is indicated for each image. Before recompression, the
structures are very small relative to the local shear layer thickness
and are quite elliptical. At position C, in the recompression region,
the structures have grown greatly but remain elliptical. In addition,
one can see that the inner contours are inclined at a greater angle to
the freestream flow direction than the 0.5 contour. This effect in the
recompression region has been noted by Bourdon and Dutton12 in
axisymmetric base flow and by Smith and Dutton11 in planar base
flow as well. They surmised that this occurs because the edges of
the coherent structures are more sensitive to the adverse pressure
gradient in the recompression region than the structure cores. After
recompression (positions D and E), the structures continue to grow,
but the outer contours become quite deformed, especially near the
tops of the structures. Perhaps the unsteadiness of the recompression
shock at these positions causes the tops of the coherent structures to
deform more than the bottoms. Such deformation was not evident
in visualizations of axisymmetric base flow.12 However, the recom-
pression shock is also not as clearly evident in those images as it is
in the current visualizations.

Overall, the structures in the septum shear layer appear quite
similar to the structures in the main shear layer. The direction of
tilt is opposite of that for the main shear layer, however, because,
for the septum, the high-speed stream is toward the bottom of the
plots, whereas it is toward the top for the main shear layer. Little,
if any, difference can be seen in the inclination angle of the various
contours at position C in the septum, unlike at position C in the main
shear layer. This is perhaps not surprising because the recompression
shock is not communicated across the subsonic lobe of the wake
between the main shear layer and the septum.

Contour plots for the autocorrelation calculations in the symme-
try plane shear layers are given in Fig. 11, with the orientation the
same as in the example images. The leeward autocorrelation con-
tours are quite elliptical down to the 0.5 correlation contour, whereas
the windward correlation contours for the lower correlation values
are quite irregular. Overall, the large-scale structures are much less

Fig. 10 Autocorrelation contour plots for the lateral plane; orientation
is same as in example images.

significant on the leeward side of the shear layer, given the small
size of the contours compared to the windward- or lateral-plane con-
tours. The leeward contours also generally become smaller relative
to the shear layer thickness as the shear layer develops, whereas the
contours on the windward side appear to grow. These trends confirm
what was seen in the example images, that is, that the dynamics of
the large-scale structures in the leeward part of the shear layer are
quite different from those in the windward or lateral parts.

Rotation between the outer and inner contour lines can be seen
in the windward shear layer, particularly at position K. Because this
position is the closest position to reattachment in the windward part
of the shear layer, this suggests that an adverse pressure gradient may
already be felt at position K, even though there is no evidence that
the recompression shock extends this far upstream in the example
images. This effect was also seen by Bourdon and Dutton12 in their
visualization of axisymmetric base flow. This could be caused by
upstream communication of the recompression pressure gradient
through the subsonic part of the shear layer or the recirculation
region.

Figure 12 shows the autocorrelation contours for the symmetry
plane images after reattachment. As expected after viewing the ex-
ample Mie scattering images, the contours become more circular as
the wake develops. There seems to be very little growth between the
two image locations. Overall, the structures look nothing like their
shear layer counterparts, casting doubt on the idea that these are
remnants of symmetry plane shear layer structures that somehow
survived the reattachment process.

Trends in the structure size are shown in Fig. 13, normalized by
both the local shear layer thickness and the base radius. Structure size
data (Figs. 13a and 13b) show that the structures are much larger
on the windward side of the shear layer than in the lateral plane,
whereas the structures on the leeward side of the shear layer are small
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Fig. 11 Autocorrelation contours for the shear layer in the symmetry plane: correlation contours from 0.5 to 0.9 except windward K, correlation
contours from 0.6 to 0.9.

Fig. 12 Symmetry plane autocorrelation contours after reattachment:
afterbody centerline horizontal, windward freestream toward the top,
and mean flow left to right.

throughout its development. The general trend in the windward and
lateral planes is for the structure size to increase as the shear layer
develops, both in absolute terms and as a fraction of the local shear
layer thickness.

The structure size trends match the behavior of axisymmetric
base flow before reattachment.12 In axisymmetric base flow, how-
ever, the structure size decreases after reattachment, although it con-
tinues to grow in this flow in the lateral plane. There are several
possible reasons for this behavior. The shear layer after apparent
reattachment in the current flow is confined by the septum, whereas
there is no such confinement for the axisymmetric flow. Thus, the
shear layer thickness, which is used to normalize the axisymmetric
data, will be much different between the two flows. In the current
flow, the shear layer converges in only one direction at apparent
reattachment in the lateral plane, not symmetrically as is found in
the axisymmetric base flow. Thus, the effects of streamline con-

vergence would be expected to be much different between these
two flows.

Trends in the structure eccentricity and inclination angle are given
in Fig. 14. The eccentricity data (Fig. 14a) show little trend with
downstream direction in the lateral shear layer; decrease for the lee-
ward, septum, and wake regions as the flow develops; and increase
slightly for the windward part of the shear layer as it develops.
From the data for axisymmetric base flow,12 the general trend in
eccentricity seems to be for increases as the shear layer approaches
reattachment, where the turbulence intensity is increases,17,19 and
decreases in areas where the turbulence becomes less intense. The
trends for the windward and leeward planes of the current flow
clearly follow this trend. The relatively low eccentricity values for
the symmetry plane wake images after reattachment match the ex-
pected behavior for plan views of three-dimensional structures in
a highly compressible shear layer, which do not have a strongly
preferred orientation.

Conclusions are harder to draw from the inclination angle data
(Fig. 14b). The lateral plane data appear to show a decrease in struc-
ture angle at apparent reattachment. The structures in the windward
and septum areas of the shear layer seem to have decreasing structure
angles as the shear layer develops, in agreement with the findings
for axisymmetric base flow. The inclination angle for the leeward
side of the wake has no clear trend.

D. Example Global End-View Images
Example global end-view Mie scattering images at various axial

positions are shown in Fig. 15. The image locations and sizes are
given in Table 3. In these images, the leeward part of the wake is at
the top of the images, and flow is out of the page. Immediately after
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a) b)

Fig. 13 Side-view image autocorrelation contour size (major axis) normalized by a) local shear layer thickness and b) base radius.

a) b)

Fig. 14 Side-view image autocorrelation statistics for the 0.6 correlation contour: a) eccentricity and b) inclination angle of the major axis with
respect to the mean shear layer orientation.

a) x/R = 0.3 b) x/R = 0.6 c) x/R = 0.9

d) x/R = 1.2 e) x/R = 1.6 f) x/R = 2.0

Fig. 15 Example global end-view Mie scattering images; width of images from 2.2R for x/R = 0.3 to 1.5R for x/R = 2.0.



KASTENGREN AND DUTTON 1061

a) x/R = 0.3

c) x/R = 0.6

e) x/R = 0.3

b) x/R = 0.6

d) x/R = 0.9

f) x/R = 0.6

Fig. 16 Detailed Mie scattering end-view images.

separation (Fig. 15a), the recirculation region is largely circular,
with small coherent structures embedded within a thin shear layer.
The bright band of fluid in the shear layer described earlier is also
evident in the leeward part of this image. As one moves downstream
(Figs. 15b and 15c), the windward (bottom) and lateral (side) parts of
the shear layer become thicker and contain large coherent structures,
while converging toward the afterbody centerline. This behavior is
very similar to that found in axisymmetric base flow.12 In the leeward
plane, however, the shear layer appears to grow quite differently.
The high-speed side of the leeward shear layer does not appear
to move toward the centerline between axial locations, while the
low-speed side quickly extends toward the centerline, leading to a
sharp increase in the shear layer thickness. Large-scale structures
are difficult to detect on the leeward part of the symmetry plane.

At reattachment (Fig. 15d), the leeward shear layer is forming the
septum that will eventually divide the wake. At this point, the sep-
tum does not extend all of the way to the windward shear layer in the
Mie scattering images, even though the shear layer has reattached
as determined from the velocity data.17 This is because the region
near reattachment is subsonic and, therefore, too warm to support the
ethanol droplets responsible for scattering. By x/R = 1.6 (Fig. 15e),
the velocity data17 show that nearly the entire wake is supersonic
in the symmetry plane, and the septum now completely divides the
wake in two. The lateral plane still appears to evolve like axisym-
metric base flow,12 with the large-scale structures becoming larger
relative to the shear layer thickness. One can also see large-scale
structures in the septum shear layer, as expected from the lateral
plane side-view results. After reattachment (Figs. 15e and 15f), the

wake narrows much more in the lateral direction than in the sym-
metry plane, with the low-speed wake-core region becoming biased
toward the leeward side of the shear layer. The scattered intensity
begins to rise within the low-speed region, indicating that this region
is beginning to accelerate, as confirmed by the velocity data in the
lateral plane.17 The structures in the septum penetrate a significant
fraction of the septum thickness toward the centerline. Hence, it
seems quite possible that these structures occasionally penetrate the
wake centerline, perhaps explaining the coherent structures seen in
the symmetry plane after reattachment (Fig. 8).

E. Example Detailed End-View Images
Whereas the global end-view images demonstrate the gross struc-

ture of the wake, the resolution of these images is inadequate to
discern the details of the large-scale coherent structures in the shear
layer, especially near separation. Example detailed end-view images
at selected positions are shown in Fig. 16. As in the side-view im-
ages, the large-scale structures are much larger and more noticeable
in the windward part of the shear layer (Figs. 16c and 16d) than in
the leeward part (Figs. 16a and 16b). The structures in the windward
part of the shear layer appear rounded and become more distinct be-
tween x/R = 0.6 (Fig. 16c) and x/R = 0.9 (Fig. 16d). They do not
appear to be preferentially inclined in any direction. The windward
plane results are very similar to those seen in axisymmetric flow. In
the lateral plane (Figs. 16e and 16f), the structures are distinct, but
they are smaller than in the windward part of the shear layer and
appear to be inclined toward the leeward side of the wake.
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a) Windward, x/R = 0.9 b) Lateral, x/R = 0.9

Fig. 17 Example detailed end-view autocorrelation contours.

a) b)

Fig. 18 End-view autocorrelation results: a) structure major axis
nondimensionalized by the base radius and b) structure major axis angle
from mean shear layer direction.

F. End-View Autocorrelation Analysis
Autocorrelation analysis was performed on both the global and

detailed end views. Two example autocorrelation contours are
shown in Fig. 17. The images are in the same orientation as the
corresponding example images in Fig. 15. Both sets of contours are
quite elliptical. The windward contours are largely aligned radially,
whereas the lateral-plane contours are inclined toward the leeward
side of the wake. The windward structures are much larger relative to
the shear layer thickness than the lateral-plane structures, matching
the results seen for the side-view autocorrelation analysis.

The trends in autocorrelation contour size and inclination angle
with respect to the mean shear layer direction (for the 0.5 correlation
contour) are shown in Fig. 18. Because the autocorrelation contour
size is so small in the global views, these data for inclination angle
are considered unreliable, and hence, only the data for the detailed
views are plotted. Values of the structure size near separation from
both the global and detailed end-view images for the lateral plane
are shown to demonstrate the importance of adequate image resolu-
tion in obtaining accurate structure statistics and to make the overall
trends clearer. Reflected light from the afterbody surface substan-
tially degraded the detailed windward end-view autocorrelation data
at x/R = 0.3, and so these data are not plotted.

The trends in end-view structure size (Fig. 18a) are quite clear.
In all views, the structures tend to grow as the shear layer devel-
ops. The detailed views show smaller structure sizes than the global
views, particularly close to separation. This is due to the increased
resolution of the detailed views. The windward structures are sig-
nificantly larger than the leeward and lateral structures in the de-
tailed end views, which is not surprising given the appearance of
the example images in Fig. 16.

The structure angle trends (Fig. 18b) show a very interesting re-
sult. The windward and leeward structures are all relatively close to
being aligned radially (90 deg) with the wake. It is reasonable, be-
cause these structures are on the symmetry plane of the wake, that
the average structure would be aligned with the symmetry plane.
The lateral-plane structures, however, are consistently inclined at
a relatively low angle (10–11 deg) with respect to the shear layer
toward the leeward side of the wake. This agrees with the appear-
ance of the example detailed end-view images for the lateral plane.
These trends are also seen for the global end-view autocorrelation
data for the lateral plane, although these data are not shown. There
are two possible explanations. First, to correct the perspective dis-

tortion introduced by obtaining the end views at an oblique angle,
the images are stretched largely in one direction. For the windward
and leeward images, this stretch is radial (vertical as the images are
shown in Fig. 16). For the lateral plane, on the other hand, this stretch
is circumferential (horizontal in Figs. 16e and 16f). The perspective
correction might be expected to distort the lateral plane autocorre-
lation contours, especially given the interpolation used in the distor-
tion correction code. However, one would expect a structure angle
of zero if the deformation were due to the flattening routine alone.
The other possibility is that there is circumferential flow around the
wake on the lateral plane. Thus, these images would be oblique and
may appear reminiscent of the side-view images, with their inclined
large-scale structures.

G. Discussion
The preceding data can be compiled to give a comprehensive view

of the qualitative behavior of the flow. Surface-flow visualizations on
the afterbody15 and the boundary-layer velocity data16 suggest that
mass builds up on the lee side of the afterbody boundary layer before
separation due to the circumferential pressure gradient around the
afterbody. Given the detailed flow visualizations, it is hypothesized
that this circumferential flow continues after separation. This causes
mass to continue to build up on the lee side of the wake. Eventually,
this mass is forced down the centerline of the wake, forming the sep-
tum. This septum increases the area for entrainment of recirculation
fluid in the wake, acting to reduce the base pressure. Because of the
small thickness of the septum, large-scale structures in the septum
shear layer occasionally penetrate the symmetry plane of the wake,
causing the large-scale structures seen in the wake in the symmetry
plane. Hence, these large-scale structures are essentially plan views
of the coherent structures in the septum shear layers.

Several lines of evidence support this hypothesis. First, side-view
images of the leeward part of the shear layer, the symmetry plane
after reattachment, and the septum show a mottled texture, much
like the boundary-layer remnants in other side-view images. Hence,
it seems quite likely that the septum and much of the leeward part
of the shear layer are largely made up of boundary-layer remnant
fluid. The inclination of the large-scale structures in the lateral-plane
detailed end views suggests that there is significant circumferential
flow from the windward to leeward parts of the wake, causing the
large-scale structures to incline, like in the side-view images. The
velocity vectors from the laser Doppler velocimetry data17 diverge
over a large region of the leeward part of the wake without gross ac-
celeration; this hypothesis explains this behavior. This also explains
how the leeward shear layer can become so thick without signifi-
cant action by large-scale coherent structures, which are generally
deemed critical in the dynamics of shear layer growth.

The behavior of the wake can also be interpreted by thinking of
the afterbody as a lifting body. The pressure gradient across the
afterbody will produce a lift force. Because the production of lift
by inviscid mechanisms requires the presence of circulation, lift-
ing bodies produce vortex wakes by their very nature. This may
help explain the two-lobed vortex wake produced by the current
afterbody.

IV. Conclusions
Extensive flow visualizations of a blunt-base cylinder at 10-deg

angle of attack have been performed using planar Mie scattering
imaging. Large-scale structures are quite evident in the flow vi-
sualizations of the windward and lateral parts of the shear layer,
but not for the leeward part. Autocorrelation analysis shows that
the average structures are largely elliptical and inclined toward the
freestream direction for all side-view images. The shear layer struc-
tures grow as the shear layer develops in the windward and lat-
eral planes, but not in the leeward plane, with the greatest average
structure size in the windward plane. As the wake develops toward
reattachment, a septum of high-speed fluid is driven from the lee-
ward part of the shear layer across the wake centerline toward the
windward side of the wake, dividing the wake into two lobes of low-
speed fluid after reattachment. End-view visualizations confirm that
the large-scale structures are much more obvious on the windward
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and lateral planes than on the leeward plane before reattachment.
The largest end-view structures are found in the windward plane
of the shear layer. End-view images of the lateral plane structures
are inclined toward the leeward side of the wake. Overall, the data
suggest that circumferential flow from windward to leeward occurs
in the wake after separation, causing a buildup of fluid on the lee-
ward part of the wake. This buildup is forced down the symmetry
plane from leeward to windward, causing the short reattachment
length and low base pressure for this body compared to that for
axisymmetric flow.
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